We aimed to explore the mechanism of pramipexole (PPX) actions in the treatment of Parkinson's disease (PD). Genes related to PD and PPX were screened through bioinformatics retrieval. The PD model was constructed by applying 1-methyl-4-phenylpyridinium (MMP+). The RNA expression levels of circSNCA, SNCA, apoptosisrelated genes (BCL2, CASP3, BAX, PTEN and P53) and miR-7 were detected by qRT-PCR. Protein expression was determined by western blot. The interactions between circSNCA-miR-7-SNCA were verified by dual luciferase assay and immunofluorescence localization. Cell viability was determined by MTT assay. SNCA and circSNCA expression levels in PD were downregulated after PPX treatment, consistent with the levels of pro-apoptotic genes. CircSNCA increased SNCA expression by downregulating miR-7 in PD as a competitive endogenous RNA (ceRNA). Lower circSNCA expression was associated with the reduced expression of pro-apoptotic (CASP3, BAX, PTEN and P53) proteins. CircSNCA downregulation could decrease apoptosis and induce autophagy in PD. In conclusion, the downregulation of circSNCA by PPX treatment reduced cell apoptosis and promoted cell autophagy in PD via a mechanism that served as a miR-7 sponge to upregulate SNCA.
INTRODUCTION
Parkinson's disease (PD) is a progressive neurodegenerative disease that usually presents in people during old or late middle age with noticeable outward symptoms generally appearing in a person's sixties. The phenotypes of this disorder include progressive deterioration of autonomic and motor functions, with cognitive decline in most cases. Although the underlying etiology of PD is not completely understood, the most common neuroanatomical pathology is the accumulation of misfolded alpha-synuclein (SNCA) into intracellular aggregates called Lewy Bodies (LBs), presenting throughout the enteric, peripheral and central nervous systems. Progression of the disease results in the significant loss of the dopaminergic neurons situated in the midbrain substantia nigra pars compacta [1] .
Even so, several therapeutic strategies are available to treat the dopamine deficiency of PD and improve motor symptoms. Drugs that slow the progression of dopamine loss are rare, and pramipexole (PPX) is one of them [2] . PPX is a dopamine D2/D3 receptor agonist with proven efficacy in the treatment of PD motor symptoms in early and advanced PD. In studies of cells, rodents and primates, neuroprotective properties that seemed to arise partly via a mitochondria-mediated anti-apoptotic mechanism were shown [2] . Additionally, PDX is a non-ergot dopamine agonist with relatively high in vitro AGING specificity and full intrinsic activity at the D2 subfamily of dopamine receptors, with a higher binding affinity to D3 than to D4 or D2 receptor subtypes. PDX can be advantageously administered as a monotherapy or an adjunctive therapy to levodopa to decrease side effects and increase effectiveness in both early and advanced PD treatments [3] . These results were the basis for considering whether there were other mechanisms involved in PPX treatment of PD by regulating gene expression.
Circular RNA (circRNA), consisting of a circular configuration through a typical 5′ to 3′-phosphodiester bond, was recently recognized as a new class of functional molecules. CircRNA consists of no 5′ or 3′ free terminus and is much more stable in cells. The discovery of RNA molecules with circular configurations tracks back to four decades ago [4] . Early studies found some transcripts with non-colinear or shuffled order and implied that these transcripts might be a byproduct of mis-splicing [5] . Later, accumulative evidence consolidated the existence of circular configured RNA molecules such as transcripts of mouse Sry, human ETS1, and DCC [6, 7] . Although these pioneer studies have drafted a blueprint for the current circRNA research, the lack of biological functions and comprehensive analysis halted the progression of circRNA research. In the past few years, the advancement of next-generation sequencing technology enabled scientists to perform genome-wide analysis of the expression of circRNAs and to characterize the diverse origins and compositions of circRNAs. In addition, the well-established roles of miRNAs and the theory of competitive endogenous RNA (ceRNA) facilitated the large leap of circRNA research [8] . CircRNAs are abundant in the brain and exosomes, with the capability of traversing the bloodbrain barrier [9] . Therefore, they are perfect candidates as potential diagnostic tools for PD.
In our research, we investigated the interactions between PPX and circSNCA to reveal the mechanism of PPX treatment in PD. Additionally, circSNCA was identified as a ceRNA of miR-7 in PD, and its expression was strongly associated with cell apoptosis and autophagy. Our findings provide novel insights into PPX effects and suggest that circSNCA might be a potential target of PD. 
RESULTS

SNCA is related to the mechanism of PPX treatment of PD
There are 30 genes concerned with PD and 581 with Alzheimer's Disease (AD) [10] , among which 16 genes are identical ( Figure 1A-B) . All of these genes are listed in Table 1 . STITCH network analysis [11] was conducted between these 16 genes and PPX ( Figure  1C ). According to the findings of Wang et.al [12] that pramipexole treatment ameliorated SNCA/α-synuclein accumulation, SNCA directly responded to PPX treatment in this study. Except for PPX, the PPI network revealed that SNCA was closely associated with apoptosis-related genes such as BCL2, CASP3, BAX, TP53 and PTEN ( Figure 1D ).
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CircSNCA expression was inhibited by PPX
SNCA mRNA and circSNCA are homology-dependent genes. Hsa_circ_0070441 (143 bp) matures from the CDS region of SNCA mRNA, and hsa_circ_0127305 (114 bp) matures from the 3'UTR of SNCA ( Figure 3A ). According to qRT-PCR analysis, both had higher expression levels after being treated with MPP+, while the former responded more drastically. When being treated with both MPP+ and PPX, the hsa_circ_0127305 level decreased but was still higher than that of NC. However, there was no significant difference between the MPP+ and MPP+ & PPX groups for hsa_circ_0070441 ( Figure 3B ). Targeted miRNAs of hsa_circ_0127305, miR-580 and miR-7 were predicted using Circular RNA Interactome algorithm [14] . The relative expression of miR-580 was not detected, and miR-7 was significantly reduced in the MPP+ group compared with NC group. The level of miR-7 was the highest in the MPP+ & PPX group compared with the MPP+ group ( Figure 3C ). We also tested the circSNCA RNA level under different concentrations of PPX and treatment times ( Figure 3D and 3E). The circSNCA level decreased with the AGING increase in the PPX concentration ( Figure 3D ). For the treatment time, after the first 4 h after PPX treatment, no significant change was evident; however, 8 h after PPX treatment, the circSNCA level decreased, and 12 h after the treatment, the level of circSNCA decreased to the lowest level and remained stable thereafter ( Figure  3E ).
Endogenous competition mechanism exists in the circSNCA/miR-7/SNCA network CircSNCA and SNCA 3'UTR had the same target sites of the miR-7 seed region ( Figure 4A-a) . Double luciferase reporter assays were performed to detect the relationship between circSNCA and miR-7 or miR-7 and SNCA mRNA ( Figure 4A-b and c) . The dual luciferase reporter gene assay results demonstrated that only when circSNCA-WT and SNCA 3'UTR-WT were co-transfected with miR-7 was there a sharp reduction in luciferase activity ( Figure 4A-b and c) . Specific probes for detecting circSNCA (green dots) and miR-7 (red-dots) were transfected into SH-SY5Y cells to evaluate the space sites of circSNCA and miR-7 ( Figure  4B ). Both green dots and red dots were located in the cytoplasm of SH-SY5Y, with strong space overlap. These two experiments implied that there was endogenous competition between circSNCA and SNCA mRNA for miR-7 binding ( Figure 5A ). To test this hypothesis, we either overexpressed or knocked down circSNCA to investigate how circSNCA regulated miR-7 expression (Figure 5B and 5C ). With circSNCA overexpression, the miR-7 level decreased, while with circSNCA knockdown, the miR-7 level increased ( Figure 5D and 5E). Compared to the siRNAs (Si-Circ-1, Si-Circ-2, Si-Circ-3) for circSNCA, Si-Circ-1 showed the best effects on circSNCA knockdown. Western blot showed that in the MPP+ group, SNCA expression was enhanced with circSNCA AGING overexpression, declined with circSNCA knockdown, and slightly increased with both circSNCA overexpression and PPX treatment, compared to the NC group. Similar results were observed in terms of CASP3, BAX, PTEN and P53 expression, while opposite results were observed for BCL2 ( Figure 5F ). It could be speculated and concluded that PPX had a negative regulation effect on the expression of SNCA and pro-apoptotic proteins western blot increased in the circSNCA overexpression group, decreased in the circSNCA knockdown group, while that of the antiapoptotic gene (BCL2) showed the opposite tendency. * P < 0.05 compared with NC group, # P < 0.05 compared with circSNCA-OE.
AGING
and a positive regulatory effect on anti-apoptotic proteins. CircSNCA could attenuate the therapeutic effects of PPX in an in vitro PD model.
Furthermore, autophagy-associated protein, LC3B, was also detected by western blot. The LC3B-I level showed no significant change to circSNCA overexpression/ knockdown or PPX treatment. However, the LC3B-II level was low with circSNCA overexpression, high with circSNCA knockdown and slightly low with both circSNCA overexpression and PPX treatment ( Figure  6A ). To conclude, MPP+ induced an increase in circSNCA in a PD cell model, while PPX reversed it ( Figure 6B ). The upregulation of circSNCA could sponge and degrade miR-7 through the target sequences and Ago2, which may lead to attenuated inhibition of miR-7 on SNCA mRNA and the increased expression of SNCA. CircSNCA upregulation also positively correlated with the increasing expression levels of proapoptotic proteins (CASP3, BAX, PTEN and P53) and the decreasing levels of anti-apoptotic protein BCL2 and autophagy-associated protein LC3B-II.
DISCUSSION
In previous studies, the mechanism of the suppressive effect of PPX on PD has not been well understood. In this study, we first identified the significantly reduced expression of SNCA and circSNCA after PPX treatment. Furthermore, we investigated the endogenous competition between circSNCA and SNCA mRNA and found that circSNCA was a ceRNA of miR-7 in PD, binding with miR-7 and upregulating its target gene, SNCA. Additionally, the expression of pro-apoptotic genes (CASP3, BAX, PTEN and P53) was reduced, while that of anti-apoptotic protein BCL2 and autophagy-related protein LC3B-II was increased with the downregulation of circSNCA, revealing the inhibition of apoptosis and the promotion of autophagy in PD. 
AGING
Since circRNAs were newly identified as players in the regulation of post-transcriptional gene expression, studies on their effects on PD have been limited. Interacting with disease-associated miRNAs is one of the important mechanisms of circRNA involvement in disease progression [15] . Multiple previous studies have discussed the function of circRNAs as a sponge of miRNAs to influence pathological processes [16] . In PD, circRNA zip-2 knockdown can lead to the reduced aggregation of SNCA protein by sponging miR-60, thus leading to better survival outcomes of PD patients [17] . By sponging miR-7, circRNA s-7 can promote vital genes associated with PD and AD [18] . In our study, we also identified a similar mechanism of circSNCA, which acted as a ceRNA of miR-7 and upregulated SNCA in PD. In addition, we found that circSNCA expression was closely related to PPX treatment. It could be speculated that PPX treatment attenuated the progression of PD partly due to its suppressive effects on circSNCA expression.
CircSNCA's function in PD was revealed for the first time in this study. However, the effect of circSNCA strongly relied on its direct and indirect regulation on miR-7 and SNCA, respectively. MiR-7 was believed to be closely coupled to ciRS-7, and the fine-tuning of the miR-7/miR-671/ciRS-7 axis likely plays profound roles in human cancer development [19] . MiR-7 was reported to bind the 3' UTR of SNCA and inhibited its translation, which was confirmed in our study [20] . Tarale et al. proved that the low level of miR-7 implied a higher risk of idiopathic PD [21] . Zhou et al.
suggested that miR-7 inhibited neuroinflammation in the pathogenesis of PD through targeting Nod-like receptors [22] . Li et al. demonstrated that miR-7 exerted inhibitory effects on neuronal apoptosis of PD by targeting BAX and Sirt2 [23] . In this specific case of PD, circSNCA facilitated the pathological processes as a miR-7 inhibitor, further verifying that miR-7 was a suppressive player for PD.
SNCA is of great importance in the occurrence and development of PD as accumulated evidence has proved its association with this disease. With some correlation experiments, SNCA was found related to neurotoxicity and the anti-apoptosis pathway [24] . When the extracellular environment is broken, the unbalance of gene expression appeared in neurocytes, such as an abnormal level of SNCA, followed by the changes of cell autophagy and cell apoptosis [25] . Maybe in the following process, the nerve cell damage and apoptosis in turn accelerated SNCA expression (anti-apoptosis) [26] . The rapid expression causes misfolding and aggregation of alpha-synuclein, one of the typical features of Parkinson's [27] . Abnormal SNCA aggregation in LBs has been suggested as one of the main causes for PD, which is related to a deficiency in the ubiquitin-proteasome system and the autophagylysosomal pathway [28] . It was reported to be closely connected with cell apoptosis and autophagy [29] . During neuronal apoptosis, the aggregation of SNCA was realized by histones [26] . Its toxicity was partly due to the defects of autophagy-mediated clearance, and autophagy mediated by transcription factor EB could rescue the midbrain dopamine neurons from SNCA toxicity [30] . In this study, we also studied some apoptosis-and autophagy-related genes and found that apoptosis was reduced while autophagy was promoted with the downregulation of SNCA, which could help slow down the deterioration of PD. Since SNCA downregulation resulted from circSNCA knockdown, it could prove that circSNCA inhibition was effective in PD treatment.
Some limitations existed in this study. For instance, only cell experiments were conducted, and animal experiments must be carried out to prove this mechanism. Additionally, the mechanism itself should be explored more deeply and thoroughly, and some details are still not clear.
In summary, we verified that PPX treatment for PD could downregulate circSNCA. Since circSNCA served as a ceRNA that sponged miR-7 and upregulated SNCA, its downregulation by PPX treatment could reduce the expression of SNCA. The inhibition of circSNCA and SNCA reduced apoptosis and promoted the autophagy of SH-SY5Y cells, attenuating the progression of PD.
MATERIALS AND METHODS
Bioinformatics retrieval
DiGSeE (http://210.107.182.61/geneSearch/) is a search platform for genetic bases of human diseases. "Parkinson" and "Alzheimer's Disease" were used as keywords during co-existing gene selection. The interactions between these genes and PPX were determined and plotted via STITCH (http://stitch.embl.de/) and protein-protein interactions were analyzed on STRING (https://string-db.org/), with the calculation performed by Dijkstra algorithm. , ab8227) . SiRNAs for knockdown of circSNCA were synthesized by GenePharma company (Shanghai, China). pLCDH-ciR (GeneSeed, China) was used to overexpress circSNCA. FITC-labeled circSNCA probe and Cy3-labeled miR-7 probe were synthesized by Sangon Biotech. The transfection reagent utilized was Lipofectamine 2000 (Invitrogen, Shanghai, China).
Reagents and antibodies
Cell lines and cell culture
SH-SY5Y cells (BNCC338056, BeNa Culture Collection, Beijing, China) were grown in high-glucose Dulbecco's-modified eagle medium (DMEM-H) with 10% fetal bovine serum (FBS) containing glutamine and sodium pyruvate, in a 5% CO 2 humidified incubator at 37°C.
MTT assay
After 12 h treatment of 2.5 mM MPP+ with 10, 50, or 100 μM PPX, the viability of SH-SY5Y cells was identified via MTT assay. 1 mg MTT was added to each milliliter of medium and incubated at 37°C for 4 h. After 4 h, the medium in the plate was discarded, and in each well, 200 μL dimethyl sulfoxide (DMSO) was added before 1-min shaking for dissolution in a microplate reader (Bio-Rad Model 680; Bio-Rad, Hercules, CA, USA). The absorbance of cells in each well was measured at 570 nm, and the cell growth curve was drawn based on an average of five wells. The experiment was repeated in triplicate.
Western blot
SH-SY5Y
cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (BioVision, Milpitas, CA, USA). Total protein in supernatants was quantified using the BCA-200 protein assay kit (Pierce Biotechnology, Rockford, IL, USA). The protein was separated with 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane (500 mA). The membrane was sealed in Tris Buffered Saline Tween (TBST) with 5% skim milk at room temperature for 1 h, and subsequently incubated with primary antibodies at 4°C overnight. After TBSTwashing three times, the membrane was incubated for 1 h at room temperature with secondary antibody. Protein bands were visualized using enhanced chemiluminescence (Santa Cruz Biotechnology; Santa Cruz, CA, USA). Quantity One software (Bio-Rad) was used for image analysis. The results were analyzed by Image-Pro Plus 5.0 (Media, Cybernetics, USA). β-actin was included as the internal control.
Reverse transcription and quantitative PCR (qRT-PCR)
The total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA). The obtained RNA was reverse transcribed to cDNA using RevertAid First Strand cDNA Synthesis Kit (Thermo, Shanghai, China), and Power SYBR Green PCR Master Mix (Thermo, Shanghai, China) was used for determination. PCR program: predenaturation at 95 o C for 10 min, followed by 40 cycles of denaturation at 95 o C for 15 s, annealing at 60 o C for 30 s, and extension at 72 o C for 30 s. Subsequently, the dissolution curve of PCR products was generated. With GAPDH expression as the standard for mRNA and U6 expression as the standard for miRNA, relative mRNA and miRNA expression was calculated by the 2-ΔΔCt method. The primer sequences are supplied in Table 2 .
Dual luciferase reporter gene assay
Luciferase reporter gene recombinant plasmids were inserted with the sequences of wild-type (WT) and mutated type (MUT) circSCNA, WT and MUTSCNA 3'-untranslated region (3'-UTR). MiR-7 mimics or control were co-transfected with WT and MUT circSCNA into the 293 cell line (BeNa Culture Collection, Beijing, China) using Lipofectamine 2000 (Invitrogen). Luciferase Dual Assay Kit (Thermo Fisher Scientific) was used for dual-luciferase reporter gene assay 48 h after cells were transfected.
Immunofluorescent localization
3×10
4 SH-SY5Y cells were plated onto slides for 24 h of growth in advance of the probe transfection experiments. 20 nM probes of FITC-labeled circSNCA or Cy3-labeled miR-7 (Sangon Biotech) were cotransfected into SH-SY5Y cells for 36 h. After culture incubation, the cells were digested by trypsin and fixed onto slides. The nuclei were stained with DAPI, and the images were collected using fluorescence microscopy (Carl Zeiss, Jena, Germany). 
